Single and double paramagnetic colloidal particles are placed above a magnetic square pattern and are driven with an external magnetic field precessing around a high symmetry direction of the pattern. The external magnetic field and that of the pattern confine the colloids into lanes parallel to a lattice vector of the pattern. The precession of the external field causes traveling minima of the magnetic potential along the direction of the lanes. At sufficiently high frequencies of modulation only the doublets respond to the external field and move in direction of the traveling minima along the lanes, while the single colloids cannot follow and remain static. We show how the doublets can induce a coordinated motion of the single colloids building colloidal trains made of a chain of several single colloids transported by doublets.
Single and double paramagnetic colloidal particles are placed above a magnetic square pattern and are driven with an external magnetic field precessing around a high symmetry direction of the pattern. The external magnetic field and that of the pattern confine the colloids into lanes parallel to a lattice vector of the pattern. The precession of the external field causes traveling minima of the magnetic potential along the direction of the lanes. At sufficiently high frequencies of modulation only the doublets respond to the external field and move in direction of the traveling minima along the lanes, while the single colloids cannot follow and remain static. We show how the doublets can induce a coordinated motion of the single colloids building colloidal trains made of a chain of several single colloids transported by doublets.
Biomimetics is used to implement biological functions to artificial devices, fulfilling tasks in a non biological environment. Well known examples are artificial swimmers [1] [2] [3] and active systems [4] that can be used to e.g. transport a load. Microscopic dynamics can also be inspired by large scale transport systems such as trains. A railroad train is powered either by a separate locomotive or by multiple units of self propelled equally powered carriages. In nature the motility of family members of animals trailing behind each other is neither concentrated in the animal heading the trail nor is it distributed equally amongst family members. Young goslings trailing behind one of their parents need less but not zero power to follow their more powerful mother goose [5] . When elephants travel they walk in a line placing their youngest in between the grownups with a grownup at the head and at the tail. In the spirit of other bioinspired magnetic colloidal dynamics [1-3, 6, 7] we generate a biomimetic train of a collective ensemble of paramagnetic colloids. Single colloids are too weak to move on their own along the line and must be assisted to move by pushing of the train with a larger paramagnetic colloidal doublet. The train is confined to an effectively one dimensional lane created via a colloidal potential which is generated by the combination of a magnetic square pattern and an external magnetic field. The power of each unit in the train is generated by modulating the external field on a control loop. Colloidal trains can only move above a square lattice if a sufficiently flat potential valley is created by orienting the external field roughly in direction of a primitive unit vector of the square magnetic pattern.
We illustrate the doublet assisted motion of a train of single colloids using a square magnetic lattice [8, 9] , Fig. 1(a) . In the experiments, single paramagnetic colloidal particles or doublets of particles move on a plane above a thin Co/Au layered system with perpendicular magnetic anisotropy lithographically patterned via ion bombardment [9] [10] [11] . The pattern is a square lattice of magnetized domains with a mesoscopic pattern lattice constant a ≈ 7 µm, see a sketch in Fig. 1(a) . The pattern is magnetized in the ±z-direction, normal to the film. The pattern is spin coated with a 1.6 µm polymer film that serves as a spacer between pattern and the colloids. The paramagnetic colloidal particles (diameter 2.8 µm) are immersed in water. A uniform timedependent external magnetic field H ext of constant magnitude (H ext = 4 kAm −1 ) is superimposed to the nonuniform and time-independent magnetic field generated by the pattern H p (H p ≈ 1 kAm −1 ). The external field is strong enough such that some of the paramagnetic particles self-assembly into doublets due to induced dipolar interactions between the single colloidal particles. The doublets then align with the direction of the external field. Our control space C is the surface of a sphere that represents all possible orientations of the external field. We vary the external field H ext (t) with time t performing periodic closed modulation loops in C.
The potential is a periodic function of the position of the colloids in the magnetic lattice and it depends parametrically on the orientation of the external field in control space C. At every time during the modulation loop, the colloids are attracted toward the minima of the potential. Full details about the computation of U and the motion of single colloids are given in Refs. [8, 9] . Here, we briefly explain the points relevant for the present study. For a square lattice, there exist four special points (fence points) in C. The four points represent four directions of H ext which are parallel and antiparallel to the lattice vectors of the square pattern. If the modulation loop of H ext in C winds around one of the fence points, then the minima of the potential move one unit cell above the square pattern [8, 9] . The motion is topologically protected, with the set of winding numbers around the fence points defining the topological invariants.
If H ext points in the direction of a fence point, the magnetic potential U is effectively one-dimensional with valleys along the direction perpendicular to H ext . For example, let the lattice vectors of the magnetic pattern point along x and y, Fig. 1(a) . The magnetic potential U exhibits deep valleys along x, Fig. 1(b) , when H ext points along −y, Fig. 1(c) . If H ext slightly deviates from the direction of a fence point, see modulation loop in Fig. 1(c) , then secondary minima of U appear along the direction of the valleys, Fig. 1(b) . The variation of the potential along the valley δU is much smaller than in the transversal direction ∆U . In our experimental setup, we find ∆U/δU ≈ 10. Modulating the external field directions along a loop that encloses a fence point, Fig. 1(c) , causes the minima of U to travel by one unit vector of the lattice upon completion of the loop. The frequency of the loop ω can be chosen such that single colloids cannot follow the potential minimum on their own but doublets move in direction of the traveling minima. If a doublet is on a collision course with a single colloid, then the doublet can render the single colloid mobile and drive it through the potential valley, Fig. 1(a) .
In Fig. 2 we plot the speed of an isolated single colloid and that of an isolated doublet versus the driving angular frequency ω of the modulation loop in C. At low frequencies, lower than the topological critical frequency ω t , the motion is adiabatic and topologically protected. Singlets and doublets follow the potential minimum at all times. Hence, the displacement caused by a loop is topologically locked to the primitive lattice vector and particles move at the topological speed given by the lattice constant a times the frequency, i.e., v t = ωa/2π. However, at higher frequencies ω > ω t the speed drops below v t , mostly due to viscous and adhesive forces impeding the motion. For singlets, the speed decreases with increasing frequency until the critical frequency ω c is reached. At ω c the isolated single colloids stop moving. The speed of the singlets is well described by a generalized Adler
if ω ≥ ω c (1) The force due to the potential acting on a doublet is roughly twice the force acting on a single colloidal particle. The viscous friction on the doublet, however, is less than twice the friction of a single colloid because of hydrodynamic interactions [13] . Hence, the doublet can still move at frequencies higher than the critical frequency of the singlets, and we have a regime where the doublet moves while the singlet is at rest. The experiments are performed at an angular frequency of ω ≈ 52 s −1 > ω c , such that singlets do not move, and doublets move with a speed of roughly one eighth of the topological speed (v d /v t ≈ 0.125), see Fig. 2 .
In Fig. 3 we show a time sequence of microscope images showing the dynamics of the colloids. We distinguish single colloids (red) that are immobile from colloidal trains (green, cyan and yellow) consisting of one, two, and three doublets at the tail, and of one up to five single colloids at the front of the trains. The singlets and doublets in a train are well separated from each other by a primitive unite vector of the lattice. All trains move into the positive x-direction with the doublets pushing the singlets. Nothing particular happens to the cyan train with one doublet and one singlet moving through the field of view at the doublet speed v d . The green train with one doublet and three singlets moves with half the doublet speed, Fig. 3(a-b) , collects two further singlets, Fig. 3(c) , and stalls, Fig. 3(d) , until the two singlets close to the pushing doublets form a second doublet, Fig. 3(e) . This increases the power of the train such that it resumes to move, Fig. 3 (e-f) at the doublet speed. In Fig. 3(g) a third doublet is formed leaving only one singlet in the green train before it exits the field of view. Interestingly, when the green train passes the red singlets (sitting on the next track to the right) the front immobile red single colloid is mobilized and performs a single translation by one unit vector in the positive x-direction, compare the position of the red colloids next to the green train in Figs. 3(e) and 3(f). The yellow train originally consists of one doublet and two singlets, Fig. 3(a) . It collects two further singlets, Figs. 3(b,c) , and then moves as one doublet and four singlets train at a relatively slow speed v ≈ 0.15v d through the image. No further doublets are formed from the singlets of the yellow train as it moves. In Fig. 4 we plot the speed of a train as a function of both the number of singlets in front of the train and the number of doublets at its tail. A train with no doublet is immobile and a train with more than one doublet can push up to five single colloids at the unloaded doublet speed. For one doublet we see a gradual transition from motion at the doublet speed v d for trains with up to two singlets toward no motion for trains with five singlets.
Remarkably, none of the trains ever derails. This is due to the special properties of the confining colloidal potential which are inherited from the square pattern. In Fig. 5 we show the colloidal motion on a glass slide with no magnetic confining pattern. Doublets also move when performing a modulation loop without the magnetic pattern (albeit not by a unit vector) and singlets are generically at rest. However due to the absence of the confining potential, when one doublet moves onto a singlet, the singlet does not stay on track but is pushed to the side to let the doublet pass.
So far we have shown the coordinated motion of colloids in one direction. However, by changing the global orientation of the driving loop (winding around other fence points in C) we can force the doublet to move along any of the four symmetry directions of the magnetic pattern. Hence, the doublet-induced motion of single colloids can potentially be used to arbitrarily set the position of the singlets across the pattern. A step in this direction is shown in Fig. 6 where a complex modulation loop is programmed to clean the surface of singlets. Our colloidal trains are immersed into a low Reynolds number liquid where the propulsion of shape changing objects is governed by the area enclosed by the loop in shape space of the object [14, 15] . Swimmers are able to move by changing their shape. In contrast our biomimetic colloidal trains are driven by the shape of the potential created by the pattern and the external field which creates the topological nature of this classical non-adiabatic phenomenon. We have shown in references [8, 9, [16] [17] [18] [19] [20] that, like other classical topological transport phenomena [21] [22] [23] [24] [25] [26] [27] , there exist similarities with quantum mechanical topological transport [28, 29] .
We have demonstrated how long range many-body interactions between the well separated colloidal particles can help sustain the topological nature of the transport up to higher frequencies of driving. Such speeding up comes in handy for lab-on-the-chip applications such as transporting loads from one place of a chip to another. Whether the doublet-induced motion of the singlets is caused by direct superadiabatic non-equilibrium interparticle interactions [30] or mediated by hydrodynamic interactions constitutes the subject of future studies.
